Background {#Sec1}
==========

Hypertension and dementia are common disorders in the elderly. Among people aged 60 years and over, the prevalence is estimated to be around 5 to 7% for dementia and over 50% for hypertension \[[@CR1], [@CR2]\]. Vascular dementia (VaD) caused by a variety of vascular diseases is one of the most common forms of dementia \[[@CR3]\]. There are several different sets of clinical diagnostic criteria for VaD, though each set tends to consist of a combination of history of ischemic stroke, temporal relationship between onset of dementia and stroke, and/or evidence of cerebrovascular disease. High blood pressure (BP), or hypertension, is the leading risk factor for stroke and many other vascular diseases \[[@CR4]\]. Thus, hypertension likely plays an important role in the development of VaD, though this association remains unclear \[[@CR5]\].

The association between BP and dementia may be age dependent, \[[@CR6], [@CR7]\] with high BP at midlife (age 40--64 years) being associated with an increased risk for VaD \[[@CR5], [@CR8]\]. In contrast, there is no consensus on the association between BP and dementia in those aged 75 and above. A history of hypertension at age 75 or over is not consistently a risk factor for VaD, with some studies even reporting an inverse association between level of blood pressure and risk of VaD \[[@CR9], [@CR10]\]. Previous studies have been focused on the association of systolic and diastolic BP with dementia. Pulse pressure (PP) is the difference between the systolic and diastolic pressure readings, and is a measure of arterial stiffness. The pulsatile component of BP and high PP has been shown to increase the risk of cardiovascular disease and total mortality \[[@CR11]\]. The association of PP with dementia remains unclear.

Electronic medical records (EMR) contain rich clinical information, in which more than 50% of patients have at least 2 blood pressure measurements \[[@CR12]\]. EMR also provides a population-based sample with the ability to follow patients for long periods of time. The objective of this study was to investigate the association of BP and PP levels in late midlife and late-life with the risk of vascular dementia using United Kingdom (UK) primary care data. We developed two separate study cohorts (aged 60--65 and aged 70--75) to elucidate whether there is an age-dependent relationship of blood pressure with VaD.

Methods {#Sec2}
=======

Data source {#Sec3}
-----------

This study was conducted using The Health Improvement Network (THIN) that is one of the largest source of continuous primary care data in United Kingdom (UK). Prospective data collection in THIN started in 2002 with data dating back to the early 1980s. THIN received anonymized patient data from general practice computer systems used for patient management and research purposes. It is a primary care EMR database with the patient information recorded during routine physician visits, such as diagnoses, prescriptions, physiological measurements, diagnostic tests, lifestyle information, and referrals to secondary care. THIN holds anonymized longitudinal medical records for over 11.1 million individuals with more than 3.7 million who remain actively registered. THIN is demographically representative of UK \[[@CR13]\]. The Read clinical classification, developed in the UK for primary care, was used in THIN to code clinical information \[[@CR14]\].

Study population {#Sec4}
----------------

We conducted a retrospective population-based cohort study. Two independent study cohorts were created. The first cohort included individuals with at least one blood pressure measurement between the ages of 60 to 65, and the second cohort included individuals with at least one blood pressure measurement between the ages of 70 and 75. We used the date of last blood pressure measurement within 60 to 65 or 70 to 75 as the index date of follow-up. To ensure an adequate period of follow-up, we only included individuals with an index date between the years 1989 and 2004 and who have registered in THIN for at least 2 years before the index date. All individuals were followed until they experienced the any one of the following: diagnosis of VaD, died, left the THIN database, or the follow-up ended (14 May 2012). Anyone with a diagnosis of VaD before the index date was excluded.

Blood pressure categories {#Sec5}
-------------------------

We extracted all the blood pressure values measured within 2 years prior to the index date and calculated the average systolic (SBP) and diastolic blood pressure (DBP). BP (measured in mmHg) were classified into 4 categories: normal: SBP \< 120 and DBP \< 80; prehypertension: 120 ≤ SBP \< 140 or 80 ≤ DBP \< 90; stage 1 hypertension: 140 ≤ SBP \< 160 or 90 ≤ DBP \< 100; stage 2 hypertension: SBP ≥ 160 or DBP ≥ 100 according to the criteria of the seventh report of Joint National committee on the Prevention, Detection, Evaluation and Treatment of High Blood Pressure (JNC-7) \[[@CR15]\]. Individuals were classified into the higher category if there was a difference in categories based on diastolic and systolic blood pressure. We categorized PP (measured in mmHg) into 4 categories: PP ≤ 50, 50 \< PP ≤ 60, 60 \< PP ≤ 70, and 70 \< PP.

Ascertainment of vascular dementia {#Sec6}
----------------------------------

We ascertained the cases of VaD using the diagnosis codes E004 - arteriosclerotic dementia/multi-infarct dementia and Eu01 - vascular dementia/arteriosclerotic dementia. The index date of VaD was the earliest diagnosis date recorded in the THIN. Diagnosis information in THIN are generally well recorded and have been successfully used in several studies on dementia \[[@CR16], [@CR17]\]. According to the diagnosis guideline, the general practitioners made a diagnosis of dementia through the following steps: patient history review, cognitive impairment assessment through a specific test (e.g mini-mental state examination test), referral to a specialist, and/or assessment based on neuroimaging techniques \[[@CR18]\]. The coding of dementia in EMR data shows good agreement with physician diagnosis and hospital admission data \[[@CR19], [@CR20]\].

Other risk factors {#Sec7}
------------------

Individuals with the diagnosis of diabetes, stroke, and depression prior to the index date were identified using the Read codes listed in Quality and Outcome Framework- National Health Science (QOF-NHS). History of head injury and Parkinson's disease was identified based on Read codes found in a text search in the Read code dictionary \[[@CR21]\]. All codes used in this study are listed in Additional file [1](#MOESM1){ref-type="media"}: Table S1. We also extracted smoking status of individuals using the following three classifications: never smoked, former smoker, and current smoker. Body mass index (BMI) was calculated based on the recorded weight and height. We used the median height recorded after the age of 25 and the most recent weight recorded within 5 years prior to the index date of follow-up. BMI were classified into three categories: normal (\<25), overweight (25 ≤ and \<30), and obesity (≥ 30).

We extracted all the antihypertensive drugs information (See Additional file [1](#MOESM1){ref-type="media"}: Table S2 for drug list) 1 year before the study index date. Anyone who had at least one antihypertensive drug prescription were assigned as the treated group.

Statistical analysis {#Sec8}
--------------------

Descriptive statistics were used to compare the demographics and clinical conditions for patients with different blood pressure levels. We explored the association of blood pressure and vascular dementia by estimating age and sex standardized incidence rates of 13 SBP categories and 7 DBP categories. Blood pressure was categorized for every 5 mmHg interval from 115 to 170 mmHg for SBP and from 70 to 95 mmHg for DBP. We categorized individuals with SBP/DBP below or above the ranges as the first and last categories (for example, for SBP, \< 115 or \>170 mmHg). The mean blood pressure value for each category was calculated. The cumulative incidence of vascular dementia was estimated using the product-limit life-table method, accounting for the competing risk of death \[[@CR22]\]. Proportional subdistribution hazard model was used to estimate the association of blood pressure levels and PP with risk of VaD, while treating death as a competing risk \[[@CR23]\]. Stratified analysis on PP at each BP level was conducted using the proportional hazard model. Adjustment for potential confounders including age, sex, smoking status, BMI categories, and history of diabetes, stroke, depression, and Parkinson's disease was performed in all models. All of the analyses were stratified by drug use status (treated and untreated).

The variables of smoking status and BMI had missing values. We approached this issue using two different methods. First, models were developed using only the observations without missing values. Second, we used the multiple imputation method to impute ten versions of complete dataset. The multiple imputation allows for the uncertainty about the missing data by creating several different plausible imputed data sets and appropriately combining results obtained from each of them. Models were separately developed for 10 complete datasets and the results were combined for the final inference \[[@CR24]\].

Results {#Sec9}
=======

Baseline demographics and clinical characteristics {#Sec10}
--------------------------------------------------

The clinical characteristics of both study cohorts are summarized in Table III and IV in the online-only supplements. In total, there were 265,897 patients (65.1% with stage 1 and 2 hypertension) in the age 60--65 cohort and 211,116 patients (76.3% with stage 1 and 2 hypertension) in the age 70--75 cohort. The proportion of patients with at least 2 BP measurements within a 2 year period was 58.4% of in the age 60--65 cohort and 64.4% in the age 70--75 cohort. For the age 60--65 cohort, 46.7% were male and 2.5% and 6.7% had a history of stroke and diabetes, respectively; for the age 70--75 cohort, 43% were male and 2.8 and 7.7% had a history of stroke and diabetes, respectively.

Incidence rate of vascular dementia {#Sec11}
-----------------------------------

We explored the association of systolic and diastolic blood pressure with vascular dementia by estimating the age and sex standardized incidence rate of vascular dementia for each category of SBP and DBP (Fig. [1](#Fig1){ref-type="fig"}). There was no clear trend between VaD and systolic and diastolic blood pressure in the age 70--75 cohort. In the age 60--65 cohort, the incidence rate of VaD for individuals with systolic blood pressures below 140 mmHg was 5.8 per 10,000 person-years, which was lower than individuals with systolic blood pressures above 160 mmHg (7.8 per 10,000 person-years).Fig. 1Age and sex-standardized rate of vascular dementia per 10,000 person-years by (**a**) diastolic and (**b**) systolic blood pressure. Blood pressure were categorized based on the 5 mmHg interval

Age 60--65 cohort {#Sec12}
-----------------

The proportion of male patients decreased with higher BP levels (Table III). The proportion of current smokers decreased with higher BP levels while the proportion of individuals with obesity increased. Individuals with normal and stage 2 hypertension have slightly more missing values than the other two groups. The proportion of patients with a history of diabetes, stroke and TIA increased at higher BP levels while the proportion of patients with a history of depression, head injury, and Parkinson' disease decreased at higher BP levels. Around 15% to 22% of individuals died, with the highest proportion of death for those with stage 2 hypertension. The mean follow up time was 11.0 years (standard deviation (SD): 4.97).

Figure [2](#Fig2){ref-type="fig"} (a) shows the cumulative incidence of VaD for the age 60--65 cohort after accounting for the competing risk of death. At 20 years of follow-up, the cumulative incidence of VaD in patients with stage 2 hypertension was approximately 2% while the cumulative incidence of VaD in patients with normal blood pressure was 1%. The difference in the cumulative incidence of VaD for patients with different BP levels rose after the 10 years of follow-up. For the untreated group without use of antihypertensive drugs, after adjusting for age and sex, the risk of VaD increased with higher BP levels, with a hazard ratio (HR) of 1.50 (95% confidence interval: 1.02, 2.20) for prehypertension, 1.84 (1.26, 2.68) for stage 1 hypertension, and 2.09 (1.41, 3.10) for stage 2 hypertension (Table [1](#Tab1){ref-type="table"}). The increased risk of VaD with increasing of BP levels remained significant after adjusting for potential confounding factors (age, sex, BMI, smoking status, and history of diabetes, stroke, head injury, depression and Parkinson's disease). After multiple imputation, the HRs for VaD increased slightly in each BP levels compared to age and sex adjusted HRs. For the treated group, there was no increasing risk of VaD with increasing of BP levels. For each BP level, our data showed that the treated group had higher crude incidence of VaD than untreated group (Table [1](#Tab1){ref-type="table"}). PP levels were not identified as a risk predictor for VaD in both untreated and treated group (Table [2](#Tab2){ref-type="table"}). This pattern was consistent after adjusting the other confounding factors and imputing missing values (Table [2](#Tab2){ref-type="table"}). However, after stratified by BP, PP was still not associated with VaD except for the untreated group with stage 1 hypertension (Table [3](#Tab3){ref-type="table"}). Hazard ratios for the two groups with PP \> 60 mmHg were inconsistent before and after imputing missing value. Additional file [1](#MOESM1){ref-type="media"}: Table S3 indicated that individuals with normal and stage 2 hypertension had more missing values in smoking status and BMI categories than the other two groups. Our further analyses on untreated patients with stage 1 hypertension showed that the individuals with PP levels of ≤50 mmHg and PP \> 70 mmHg had more missing values than the other two groups.Fig. 2Comparison of the cumulative incidence of vascular dementia for individuals with normal, prehypertension, stage 1 and 2 hypertension in the age 60--65 (**a**) and age 70-75cohorts (**b**), adjusting for the competing risk of death Table 1Association between blood pressure levels and vascular dementia in age 60--65 and 70--75 cohortsBlood pressure levels*N*Death, %VaD, %Hazard ratio^a^ (95% CI)*P* valueHazard ratio^b^ (95% CI)*P* valueHazard ratio^c^ (95% CI)*P* valueAge 60--65 cohort -- untreated with antihypertensive drug Normal10,33513.490.391.00 (reference)1.00 (reference) Prehypertension56,23113.240.551.50 (1.02, 2.20)0.041.25 (0.88, 1.77)0.211.53 (1.04, 2.25)0.03 Stage 1 hypertension71,19115.730.661.84 (1.26, 2.68)0.0021.46 (1.03, 2.05)0.0321.90 (1.30, 2.78)0.001 Stage 2 hypertension29,19720.860.832.09 (1.41, 3.10)\<0.0011.49 (1.04, 2.13)0.032.19 (1.48, 3.26)\< 0.001Age 60--65 cohort -- treated with antihypertensive drug Normal334425.600.841.00 (reference)1.00 (reference)1.00 (reference) Prehypertension22,70718.640.660.92 (0.56, 1.52)0.750.90 (0.58, 1.40)0.640.91 (0.55, 1.50)0.71 Stage 1 hypertension47,22717.500.751.05 (0.65, 1.69)0.840.97 (0.63, 1.48)0.881.04 (0.65, 1.68)0.86 Stage 2 hypertension25,66522.700.861.07 (0.65, 1.75)0.790.92 (0.59, 1.42)0.701.08 (0.66, 1.77)0.76Age 70--75 cohort -- untreated with antihypertensive drug Normal326932.821.501.00 (reference)1.00 (reference)1.00 (reference) Prehypertension24,08030.321.651.18 (0.82, 1.72)0.371.07 (0.76, 1.52)0.691.19 (0.82, 1.72)0.37 Stage 1 hypertension46,19431.581.721.18 (0.82, 1.69)0.381.13 (0.81, 1.59)0.471.18 (0.82, 1.70)0.37 Stage 2 hypertension30,87436.971.721.12 (0.77, 1.62)0.551.09 (0.77, 1.53)0.641.14 (0.79, 1.65)0.49Age 70--75 cohort -- treated with antihypertensive drug Normal285446.741.511.00 (reference)1.00 (reference)1.00 (reference) Prehypertension20,03236.741.811.49 (0.94, 2.35)0.091.10 (0.78, 1.54)0.601.50 (0.95, 2.37)0.085 Stage 1 hypertension48,59333.301.911.76 (1.12, 2.74)0.0131.17 (0.84, 1.63)0.371.78 (1.14, 2.79)0.011 Stage 2 hypertension36,22038.651.891.56 (1.00, 2.45)0.0521.11 (0.79, 1.54)0.561.60 (1.02, 2.51)0.041*VaD* Vascular dementia, *CI* Confidence interval^a^Adjusted for sex (female = 1) and age^b^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease while excluding any individuals with missing values^c^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease with missing values imputed by multiple imputation method Table 2Association between pulse pressure levels and vascular dementia in age 60--65 and 70--75 cohortsPulse pressure (PP) (mmHg)*N*Death, %VaD, %Hazard ratio^a^ (95% CI)*P* valueHazard ratio^b^ (95% CI)*P* valueHazard ratio^c^ (95% CI)*P* valueAge 60--65 cohort -- untreated with antihypertensive drug PP ≤ 5051,72114.170.551.00 (reference)1.00 (reference)1.00 (reference) 50 \< PP ≤ 6049,97514.490.641.11 (0.93, 1.33)0.241.72 (0.98, 1.40)0.771.11 (0.93, 1.34)0.24 60 \< PP ≤ 7037,15916.020.681.18 (0.97, 1.43)0.101.19 (0.98, 1.44)0.741.18 (0.97, 1.43)0.1 PP \> 7028,09919.970.741.15 (0.93, 1.42)0.191.19 (0.97, 1.45)0.891.15 (0.94, 1.42)0.18Age 60--65 cohort -- treated with antihypertensive drug PP ≤ 5015,55621.430.711.00 (reference)1.00 (reference)1.00 (reference) 50 \< PP ≤ 6026,74817.830.731.03 (0.78, 1.35)0.861.03 (0.81, 1.33)0.801.02 (0.77, 1.33)0.91 60 \< PP ≤ 7028,57417.660.791.15 (0.88, 1.49)0.311.11 (0.87, 1.41)0.411.13 (0.87, 1.47)0.36 PP \> 7028,06521.480.781.03 (0.79, 1.36)0.810.98 (0.76, 1.26)0.871.02 (0.78, 1.34)0.88Age 70--75 cohort -- untreated with antihypertensive drug PP ≤ 5018,08132.911.541.00 (reference)1.00 (reference)1.00 (reference) 50 \< PP ≤ 6024,95131.281.641.06 (0.88, 1.28)0.511.12 (0.93, 1.34)0.231.06 (0.88, 1.27)0.57 60 \< PP ≤ 7027,11431.781.741.08 (0.90, 1.29)0.431.21 (1.12, 1.44)0.0311.07 (0.89, 1.28)0.48 PP \> 7034,27135.021.791.08 (0.91, 1.29)0.381.15 (0.94, 1.37)0.101.08 (0.91, 1.29)0.37Age 70--75 cohort -- treated with antihypertensive drug PP ≤ 5010,26842.751.761.00 (reference)1.00 (reference)1.00 (reference) 50 \< PP ≤ 6020,57635.921.821.27 (1.00, 1.61)0.0461.00 (0.82, 1.22)0.981.27 (1.00, 1.60)0.05 60 \< PP ≤ 7029,67233.861.961.39 (1.11, 1.73)0.0041.07 (0.89, 1.28)0.501.38 (1.10, 1.73)0.005 PP \> 7047,18336.131.861.17 (0.94, 1.46)0.150.97 (0.81, 1.16)0.731.18 (0.94, 1.46)0.15VaD: Vascular dementia; CI: Confidence interval^a^Adjusted for sex (female = 1) and age^b^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease while excluding any individuals with missing values^c^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease with missing values imputed by multiple imputation method Table 3Association between Pulse pressure levels and vascular dementia stratified by blood pressure levels in age 60--65 cohortPulse pressure (PP) (mmHg)*N*Death, %VaD, %Hazard ratio^a^ (95% CI)*P* valueHazard ratio^b^ (95% CI)*P* valueHazard ratio^c^ (95% CI)*P* valueAge 60--65 cohort -- untreated with antihypertensive drug Prehypertension  PP ≤ 5032,43413.560.521.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6020,00712.600.591.01 (0.77, 1.33)0.951.14 (0.88, 1.48)0.320.99 (0.75, 1.30)0.93  60 \< PP ≤ 70350313.790.510.92 (0.53, 1.60)0.771.07 (0.64, 1.80)0.790.88 (0.51, 1.53)0.65  PP \> 7021715.210.922.15 (0.53, 8.71)0.282.63 (0.64, 1.08)0.182.00 (0.49, 8.15)0.33 Stage 1 hypertension  PP ≤ 50833016.470.791.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6027,99315.630.680.79 (0.58, 1.07)0.131.02 (0.74, 1.40)0.930.78 (0.57, 1.06)0.11  60 \< PP ≤ 7026,98315.280.650.70 (0.51, 0.96)0.0280.97 (0.70, 1.34)0.840.68 (0.49, 0.94)0.018  PP \> 70788516.890.550.59 (0.38, 0.91)0.0160.95 (0.62, 1.44)0.800.56 (0.36, 0.87)0.009 Stage 2 hypertension  PP ≤ 50116219.880.861.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 60139319.450.721.10 (0.38, 3.15)0.860.62 (0.23, 1.67)0.351.09 (0.38, 3.14)0.87  60 \< PP ≤ 70664720.190.921.41 (0.61, 3.28)0.420.85 (0.42, 1.73)0.651.42 (0.61, 3.29)0.42  PP \> 7019,99521.240.811.02 (0.45, 2.31)0.960.80 (0.41, 1.57)0.521.03 (0.46, 2.34)0.94Age 60--65 cohort -- treated with antihypertensive drug Prehypertension  PP ≤ 50936320.060.681.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6011,11317.390.620.84 (0.57, 1.23)0.370.97 (0.68, 1.39)0.870.83 (0.56, 1.22)0.33  60 \< PP ≤ 70213119.050.801.19 (0.66, 2.15)0.571.41 (0.81, 2.47)0.231.13 (0.61, 2.10)0.70  PP \> 7010017.000.00N/AN/AN/AN/AN/AN/A Stage 1 hypertension  PP ≤ 50264820.700.721.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6014,60117.810.781.39 (0.74, 2.62)0.301.11 (0.65, 1.88)0.711.38 (0.73, 2.59)0.32  60 \< PP ≤ 7021,80016.640.751.32 (0.71, 2.47)0.381.08 (0.64, 1.81)0.781.29 (0.69, 2.40)0.43  PP \> 70817818.220.691.31 (0.67, 2.55)0.431.01 (0.57, 1.79)0.971.24 (0.63, 2.42)0.53 Stage 2 hypertension  PP ≤ 5040526.670.491.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6083521.921.081.68 (0.35, 8.14)0.521.78 (0.37, 8.50)0.471.61 (0.33, 7.81)0.56  60 \< PP ≤ 70463821.841.011.46 (0.35, 6.17)0.601.49 (0.35, 6.26)0.591.41 (0.33, 5.93)0.64  PP \> 7019,78722.850.831.09 (0.26, 4.51)0.901.29 (0.31, 5.33)0.731.02 (0.25, 4.24)0.98VaD: Vascular dementia; CI: Confidence interval^a^Adjusted for sex (female = 1) and age^b^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease while excluding any individuals with missing values^c^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease with missing values imputed by multiple imputation method

Age 70--75 cohort {#Sec13}
-----------------

The proportion of male patients decreased with higher BP levels, ranging from 55.2 to 37.1% (Table IV). Similar to the late midlife cohort, the proportion of patients with obesity increased at higher BP levels and the proportion of patients with a history of depression, head injury, and Parkinson's disease decreased at higher BP levels. In contrast to the age 60--65 cohort, the proportion of patients with a history of stroke, TIA, and diabetes decreased at higher BP levels. During follow-up, 32 to 39% of individuals died, with highest proportion of death in those with stage 1 hypertension. The mean follow-up time was 8.84 years (SD: 4.55).

Figure [2](#Fig2){ref-type="fig"} (b) shows the cumulative incidence curves of VaD for the late life cohort after accounting for the competing risk of death. At 20 years of follow up, the cumulative incidence of VaD in patients with stage 1 and 2 hypertension was 3.3%, while the cumulative incidence of VaD in patients with normal blood pressure was 2.4%. The difference in the cumulative incidence of VaD for patients with different BP levels rose after 10 years of follow-up. Similar with the 60--65 cohort, the individuals in treated hypertension group had higher incidence of VaD than those in untreated group (Table [1](#Tab1){ref-type="table"}). For the untreated group, there was no statistically significant association between the risk of VaD and BP levels (Table [1](#Tab1){ref-type="table"}). For the treated group, the association was observed between BP and VaD for stage 1 and 2 hypertension patients after adjusting for potential confounding factors and with the imputed missing values. This association was no longer significant after excluding individuals with any missing values. Similar results were observed for analysis on PP levels (Table [2](#Tab2){ref-type="table"}). The analyses stratified by BP levels indicated that PP level is not an independent risk factor for VaD (Table [4](#Tab4){ref-type="table"}). Similar with the cohort aged 60--65 years, there are more missing values in smoking status and BMI categories in individuals with normal and stage 2 hypertension than the other two groups (Additional file [1](#MOESM1){ref-type="media"}: Table S4).Table 4Association between pulse pressure levels and vascular dementia stratified by blood pressure levels in age 70--75 cohortPulse pressure (PP) (mmHg)*N*Death, %VaD, %Hazard ratio^a^ (95% CI)*P* valueHazard ratio^b^ (95% CI)*P* valueHazard ratio^c^ (95% CI)*P* valueAge 70--75 cohort -- untreated with antihypertensive drug Prehypertension  PP ≤ 5011,24431.561.511.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 60987229.551.811.12 (0.86, 1.45)0.411.20 (0.93, 1.54)0.161.09 (0.84, 1.41)0.54  60 \< PP ≤ 70266927.691.721.34 (0.93, 1.93)0.121.20 (0.83, 1.73)0.341.30 (0.90, 1.88)0.16  70 \< PP29532.541.020.60 (0.15, 2.44)0.480.61 (0.15, 2.46)0.490.59 (0.15, 2.40)0.46 Stage 1 hypertension  PP ≤ 50331236.751.721.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6014,05132.021.540.91 (0.64, 1.30)0.611.01 (0.71, 1.44)0.950.90 (0.63, 1.28)0.55  60 \< PP ≤ 7019,58330.941.790.97 (0.69, 1.37)0.851.21 (0.86, 1.70)0.280.95 (0.67, 1.34)0.76  70 \< PP924830.431.830.99 (0.68, 1.44)0.971.13 (0.78, 1.64)0.520.97 (0.67, 1.41)0.88 Stage 2 hypertension  PP ≤ 5055638.850.901.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6075739.371.321.95 (0.52, 7.34)0.321.25 (0.36, 4.28)0.721.94 (0.52, 7.32)0.33  60 \< PP ≤ 70483637.391.531.64 (0.51, 5.27)0.411.40 (0.51, 3.86)0.521.67 (0.52, 5.36)0.39 70 \< PP24,72536.771.782.08 (0.67, 6.47)0.211.59 (0.59, 4.27)0.362.10 (0.68, 6.53)0.20Age 70--75 cohort -- treated with antihypertensive drug Prehypertension  PP ≤ 50599440.191.841.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 60994835.271.781.27 (0.92, 1.76)0.140.95 (0.73, 1.24)0.711.23 (0.89, 1.70)0.21  60 \< PP ≤ 70372834.741.881.38 (0.94, 2.05)0.11.02 (0.73, 1.42)0.911.30 (0.88, 1.93)0.18 70 \< PP36240.331.380.87 (0.27, 2.79)0.810.81 (0.32, 2.01)0.640.80 (0.25, 2.58)0.71 Stage 1 hypertension  PP ≤ 50151144.081.991.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 60978936.021.870.88 (0.56, 1.38)0.570.82 (0.54, 1.23)0.330.87 (0.55, 1.36)0.53  60 \< PP ≤ 7022,33332.492.020.92 (0.60, 1.42)0.710.84 (0.57, 1.24)0.390.90 (0.59, 1.39)0.64  70 \< PP14,96031.661.750.70 (0.45, 1.09)0.120.71 (0.48, 1.06)0.100.68 (0.44, 1.07)0.096 Stage 2 hypertension  PP ≤ 5029147.081.721.00 (reference)1.00 (reference)1.00 (reference)  50 \< PP ≤ 6048043.961.670.76 (0.17, 3.39)0.721.17 (0.30, 4.54)0.820.77 (0.17, 3.42)0.73  60 \< PP ≤ 70358841.441.670.90 (0.28, 2.91)0.861.01 (0.31, 3.23)0.990.90 (0.28, 2.92)0.86  70 \< PP31,86138.181.921.04 (0.34, 3.24)0.941.12 (0.36, 3.48)0.851.05 (0.34, 3.25)0.94*VaD* Vascular dementia, *CI* Confidence interval^a^Adjusted for sex (female = 1) and age^b^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease while excluding any individuals with missing values^c^Adjusted for sex (female = 1), age, body mass index, smoking status, history of diabetes, stroke, transient ischemic attack, head injury and Parkinson' disease with missing values imputed by multiple imputation method

Discussion {#Sec14}
==========

In this study, there is an increasing risk of VaD with increasing levels in the age 60--65 cohort without antihypertensive drug, while such an association was not observed in the age 70--75 cohort. Therefore, optimal control of late midlife BP levels and prescription of antihypertensive drugs may be important to reduce the risk of VaD. Further research is still needed to clarify the role of late-life high blood pressure on the prognosis of VaD, especially for patients aged 70 and above.

Several studies that have previously examined the association between VaD and midlife BP levels reached similar conclusions. The Hisayama study found that subjects with prehypertension, stage 1, and stage 2 hypertension in midlife (around 58 years) had higher risk of VaD after adjusting for potential risk factors \[[@CR5]\]. The Honolulu Asia Aging Study recommended lowering midlife (aged 45--68 years) systolic blood pressure as a public health strategy to reduce late-life dementia after demonstrating high of risk of VaD for patients with untreated hypertension \[[@CR8]\]. High blood pressure at middle age implies a long-term cumulative effect, which leads to increased severity of atherosclerosis and more vascular comorbidities in late life \[[@CR7]\]. Patients with high blood pressure in midlife were at increased risk of VaD, regardless of late-life BP levels, \[[@CR5]\] likely as midlife hypertension leads to damage that becomes irreversible in the late life. Our findings highlight the potential importance of blood pressure control in the midlife period.

Trials of antihypertensive therapy have not yet clarified the impact of blood pressure lowering on vascular dementia. Our study identified the increasing risk of VaD with an increase of BP levels for the individuals without the use of antihypertensive drugs, while there was no association between BP levels and VaD in the treated individuals. A recent meta-analysis of trials and cohort studies showed promising findings that diuretic-based lowering of blood pressure prevents dementia \[[@CR25]\]. Other trials and a meta-analysis of trials have produced inconsistent results, likely related to the trials being retrospectively designed, with weaker assessments of dementia and its components, and follow-up times that are too short \[[@CR26]--[@CR28]\]. Additional randomized controlled trials with more sensitive and specific tests for dementia and its components, as well as longer follow-up periods, may be needed to clarify the impact of hypertension on dementia. However, given the strong evidence that antihypertensive therapy has beneficial effects on cardiovascular outcomes, most trial designs would be unethical to conduct. The recent SPRINT trial examining newer blood pressure targets is an exception and its results on dementia are anticipated \[[@CR29]\].

Increases of PP in midlife is closely related to the increases of SBP. The associations between PP and VaD were not significant when stratified analyses at each BP level and treatment status were conducted. Therefore, PP was not independently associated with VaD. This is consistent with results from the other study \[[@CR30]\]. Pulse pressure may not be an adequate measure of arterial stiffness and pulsatile flow as pulse wave velocity has been shown to prevent cognitive decline better than measures of blood pressure \[[@CR31]\].

After adjusting the competing risk of death and other risk factors, our study found no association between BP levels and risk of vascular dementia in the age 70--75 cohort. This could be due to several reasons. First, there is a graded increase in the risk of stroke with advancing age, \[[@CR32]\] with a doubling in the stroke rate with each successive 10 years after age 55 \[[@CR33], [@CR34]\]. Second, after acute stroke, patients with high blood pressure levels have higher mortality rate \[[@CR35]\]. As a result, survivors of strokes are more likely to have normal blood pressure (as shown in Table II). Third, a decline of blood pressure happens in the pathogenesis of dementia \[[@CR36]\]. This could weaken the association between high blood pressure levels and risk of vascular dementia in late-life. Fourth, competing risk of death is more significant in later life. There is a potential "floor effect" of death on the development of vascular dementia. In our study, 40% of patients in the late-life cohort died during follow-up. The patients were likely to die before the development and diagnosis of vascular dementia. To assess the true effects of vascular risk factor on the development of vascular dementia, it may be necessary to use brain autopsy and neuroimaging to identify dementia cases.

Clear association of late midlife high BP and VaD in untreated group supports the need to treat and control BPs for patients with late midlife hypertension. According to health surveys, around half of patients with hypertension do not have their blood pressure under control \[[@CR37]\]. In our study, only 20 to 25% patients with stage 1 and 2 hypertension had a diagnosis of hypertension in EMR record. Patients with a code of hypertension diagnosis in EMR are more likely to receive treatments \[[@CR38], [@CR39]\]. Therefore, greater effort must be made for the early diagnosis and treatment of hypertension, especially in midlife.

Our study is a large, population-based cohort study, which enabled us to examine the association of vascular dementia related to late midlife and late life blood pressure. We also accounted for the competing risk of death and adjusted for several important risk factors for dementia. However, several limitations should be noted. First, selection bias might exist since we only included patients who had at least one blood pressure measurement before the ages of 65 and 75. Around 40% of patients in the study cohorts had only a single measurement of blood pressure and this would have led to some degree of misclassification of blood pressure levels. Also, patients with hypertension requiring frequent visits may increase the reporting of dementia. Second, there are potential problems with misclassification or misdiagnosis of vascular dementia. This issue stems from difficulty with the clinical differentiation and classification of dementia subtypes; \[[@CR40]\] there is inconsistency in applying commonly used classification systems for the dementia diagnoses. However, the diagnosis in EMR is closely relevant to routine clinical care and has shown good agreement with physician diagnosis and other data sources. Third, people with higher levels of blood pressure may be more apt to receive antihypertensive treatment than those with lower levels, reversing the relationship of hypertension to stroke and dementia. To alleviate this issue, we stratified the analysis using the drug use status. Lastly, missing or incomplete information on some risk factors could impact the validity of results. Our analysis showed inconsistency of results with and without imputing missing values in some subcategories. Some potential confounders were not recorded well in the database and subsequently excluded from the analysis. For example, exercise levels were only recorded in 22% of individuals in the study cohorts and were not included in the analysis.

Conclusions {#Sec15}
===========

In summary, our study indicates that high blood pressure between the ages of 60 and 65 is a significant risk factor for vascular dementia in an untreated late midlife cohort. Given the strength and consistency of this evidence, greater efforts should be made to diagnose hypertension early, and control blood pressure for hypertensive patients in the prevention to better prevent vascular dementia.
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